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Sear ch for Second Generation L eptoquark Pairs Decayingto uv + jets
in pp Collisionsat /s = 1.8 TeV
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We report on a search for second generation leptoquarks (LQ) produced in pp collisions at /s =
1.8 TeV using the DO detector at Fermilab. Second generation leptoquarks are assumed to be produced
in pairs and to decay to either u or v and either a strange or a charm quark (¢). Limits are placed on
o(pp — LOLQO — v + jets) asafunction of the mass of the leptoquark. For equal branching ratios
to g and vq, second generation scalar |eptoquarks with a mass below 160 GeV /c?, vector leptoquarks
with anomalous minimal vector couplings with a mass below 240 GeV/c?, and vector leptoquarks
with Y ang-Mills couplings with a mass below 290 GeV/c?, are excluded at the 95% confidence level.

PACS numbers: 13.85.Rm, 13.85.Qk, 14.80.—j
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Leptoquarks (LQ) are hypothetical particles that carry
color, fractiona electric charge, and both lepton and
baryon number. They appear in several extended gauge
theories and composite model s beyond the standard model
[1]. Leptoquarks with universal couplings to al lepton
flavors would give rise to flavor-changing neutral currents
and are therefore tightly constrained by experimenta
data [2]. To satisfy experimental constraints on flavor-
changing neutral currents, leptogquarks that couple only to
second generation leptons and quarks are considered.

This Letter reports on a search for second generation
leptoquark pairs produced in pp interactions at a center-
of-mass energy /s = 1.8 TeV. They are assumed [3] to
be produced dominantly via the strong interaction, pp —
g + X — LQOLQ + X. The search is conducted for the
signature where one of the leptoquarks decays via LQ —
muon + quark and the other viaLQ — neutrino + quark,
where the quark may be either a strange or a charm quark.
The corresponding experimental cross section is 28(1 —
B) X o(pp — LOLQ) with 8 the unknown branching
fraction to a charged lepton (e, w, 7) and a quark (jet) and
(1 = B) the branching fraction to a neutrino (») and a jet.
The search considers|eptoquarks with scalar or vector cou-
plingsinthe uv + jetsfinal state. Additional details on
thisanalysis may befound in Ref. [4]. Previous studies by
the DO [5,6] and CDF [7] Collaborations have considered
the uu + jetsfinal state for scalar couplings, resulting in
limits of 140 GeV/c? and 160 GeV /c?, respectively, for
B =1/2.

The DO detector [8] consists of three major compo-
nents. an inner detector for tracking charged particles, a
uranium-liquid argon calorimeter for measuring electro-
magnetic and hadronic showers, and a muon spectrome-
ter consisting of a magnetized iron toroid and three layers
of drift tubes. Jets are measured with an energy resolution
of approximately o(E) = 0.8/+/E (E in GeV). Muons
are measured with a momentum resolution o(1/p) =
0.18(p — 2)/p? ® 0.003 (p in GeV/c), where & indi-
cates addition in quadrature.

Event samples are obtained from triggers requiring the
presence of a muon candidate with transverse momentum
pr > 5 GeV/c in the fiducia region |5, < 1.7 (n =
—In[tan(%e)], where 6 is the polar angle of the track
with respect to the z axis taken along the proton beam
line), and at least one jet candidate with transverse
energy Er > 8 GeV and |7;| < 2.5. The data used for
this analysis correspond to an integrated luminosity of
94 = 5 pb~! collected during the 1993—1995 and 1996
Tevatron collider runs at Fermilab.

In the final event sample, muon candidates are re-
quired to have a reconstructed track originating from
the interaction region consistent with a muon of pj >
25 GeV/cand|n,| < 0.95. Toreducebackgroundsfrom
heavy quark production, muons must be isolated from jets
[AR(u,jet) > 0.5 for E > 15 GeV, where AR (u, jet)
is the separation between the muon and jet in the 7-¢
plane] and have energy deposition in the calorimeter con-
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sistent with that of a minimum ionizing particle. Events
are required to have one muon satisfying these require-
ments. Events containing a second muon which satisfy
these requirements, with the fiducial requirement relaxed
to |n,| < 1.7, are rejected.

Jets are measured in the calorimeters and are recon-
structed using a cone algorithm with a radius R = 0.5
(R =+A¢? + An?). Jets must be produced within
In;] < 2.0 and have Er > 15 GeV, with the most ener-
getic jet in each event required to have [n;| < 1.5. Two
or more such jets are required in each event.

The transverse energy of the neutrino is not directly
measured but is inferred from the energy imbaance in
the calorimeters and the momentum of the reconstructed
muon. Events are required to have missing transverse
energy Er > 30 GeV. Toensurethat £ isnot dominated
by mismeasurement of the muon pr, events having £r
within 7= = 0.1 radians of the muon track in azimuth are
rejected.

To provide further regjection against dimuon events
in which one of the muons was not identified in the
spectrometer, muons are identified by a pattern of isolated
energy deposited in the longitudina segments of the
hadronic calorimeter [9]. Any event where such deposited
energy lies along a track originating from the interaction
vertex in the region || < 1.7 and is within 0.25 radians
in azimuth of the direction of the £ vector is rejected.

Each candidate event is required to pass a selection
based on the expected LQ event topology. Since the
decay products of the LQ are ug or vq, the muon and
neutrino in LQ pair decays come from different parent
particles nearly at rest and are therefore uncorrelated. For
the primary background events (e.g., W + jets), the two
leptons have the same parent. Similar reasoning holds
for the jets. Correlated backgrounds are rejected with the
requirement of significant separation between the muon
and E7 [|A¢ (u, E7)| > 0.3] and between the two leading
jets[AR (i1, j2) > 1.4].

The 1SAJET [10] Monte Carlo event generator is used to
simulate the scalar leptoquark (S1q) signal, and PYTHIA
[11] is used for the vector leptoquark (Viq) signal. The
efficiencies for Vg and Spq are consistent within dif-
ferences due to the choice of generator. This is veri-
fied by choosing a test point at which both scalar
and vector Monte Carlo events from the same genera
tor are compared. Therefore, efficiencies obtained from
the two simulations are not distinguished. In addition,
the efficiencies for vector leptoquarks are insensitive to
differences between minimal vector (kg = 1;Ag =0
[12]) and Yang-Mills (kg = 0; A¢ = 0 [12]) couplings
at large mass [6] (My,,, > 200 GeV/c?). The leptoquark
production cross sections used for the S; o are from next-
to-leading order (NLO) calculations [13] with a renor-
malization scale u = My, , and uncertainties determined
from variation of the renormalization/factorization scales
from 2Ms, , to %MSLQ. The Vi cross sections are lead-
ing order calculations at ascale u = My, , [12].
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The dominant backgrounds, from W + jets and Z +
jets, are simulated using VECBOS [14] for parton level
generation and HERWIG [15] for parton fragmentation.
Background due to WW production is simulated with
PYTHIA [11]. Additiona background from ¢7 decays into
one or more muons and two or morejetsis simulated using
the HERWIG Monte Carlo program for a top quark mass of
170 GeV/c?. Monte Carlo samples are processed through
a detector simulation program based on the GEANT [16]
package.

With the initial data selection described above, there
are 107 events, consistent with a background of 106 =
30 events (see Fig. 1). The dominant background is
W + jetswith 100 = 30 events. Other backgrounds are
27 *+0.7(Z + jets), 2.4 = 0.8 ¢tf,and 1.5 = 0.6 (WW).
The uncertainty in the background is dominated by the
statistical uncertainty in the W + jets smulation and the
systematic uncertainty inthe W + jets cross section. The
expected signal for 160 GeV/c? scalar leptoquarks is
4.8 = 0.7 events. Signal estimations are shown for a Spq
mass of 160 GeV /c¢? using the NLO cross section with a
scale of 2Ms, , .

To separate any possible signal from the backgrounds,
aneural network (NN) [17] with inputs E7', E7, p7, and
E7 and nine nodes in a single hidden layer is used. The
network is trained on a mixture of W + jets, Z + jets,
and ¢7 background Monte Carlo events and an indepen-
dently generated signal Monte Carlo sample at a mass of
160 GeV/c?. Figure 1 shows distributions of the four in-
put quantities and Fig. 2 shows the network output (re-
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FIG. 1. Kinematic distributions for u» + jets events. The
quantities shown in (a)—(d) are used as inputs into the neura
network (see text). The shaded regions give the background
expectations, the square points are the uv + jets data, and the
triangular points are signal Monte Carlo.

ferred to as the discriminant, Dyn). No evidence of asig-
nal is observed in either the discriminant distribution or
any of the kinematic distributions. For setting limits, the
selection on Dyy is optimized by maximizing a measure
of sengitivity [18] defined by

S(Dxn) = D Pk, )M [k, b, s(M1o)],
k=0

where P(k,b) = ¢ ?b*/k! isaPoisson coefficient with k
being any possible number of observable events, b is the
expected mean number of background events, and s(My.q)
is the expected signal for a given leptoquark mass. M3>”
is an approximate [19] mass limit at the 95% confidence
level (C.L.) for agivenk, s,and b. S(Dnn) isthe sum of
the approximate mass limits, weighted by the probability
of observingk = 0,1,2,...,n[P(n,b) < 0.05] events for
a particular choice of the Dyn Selection criterion.

By maximizing the value of S(Dyn) a discriminant
selection of Dy > 0.9 is obtained. With this selection,
no events remain in the data, which is consistent with an
expected background of 0.7 £ 0.9 events. The remaining
background is dominated by ¢7 (0.6 = 0.2 events). The
uncertainty on the total background is dominated by the
statistical and systematic uncertainties from W + jets.

Table | shows the signal detection efficiencies and up-
per limits [20] on the cross section at the 95% confidence
level as afunction of the leptoquark mass. The dominant
systematic uncertainty on the signal efficiency is due to
the simulation (initial and final state radiation, parton dis-
tribution function, renormalization scale, choice of genera-
tor) with a 10% uncertainty. The systematic uncertainties
shown include approximately equal contributions from un-
certainty in the jet energy scale [21] and the trigger effi-
ciency/spectrometer resolution for high-py muons (6.6%
and 6.4%, respectively). The overall systematic uncer-
tainty for the signal efficiency is 15%.

2

10 @

A RERERARES AR AR R
11 Total Background 1
M uy + jets Data
A Mgo = 160 GeV/c? ]

10 |-

N T |
: ;§§§§$Y§§§§§£
e TN §
Pt >§§
oo naa b

001 02 03 04 05 06 07 08 09 1
Network Discriminant Dy

FIG. 2. Output of the neural network. The network calculates

avalue for each event based on the inputs (shown in Fig. 1) and

a set of interna values which are determined during network
training on signal and background Monte Carlo.
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TABLE I.

Signal detection efficiencies (with statistical and systematic uncertainty) and cross

section limits (95% C.L.) for leptoquarks in the wv + jets decay channel. Also shown for

comparison are the expected cross sections times branching ratio (BR) for g = 3

O-SLQ

denotes the theoretical cross section for scalar leptoquarks with a scale 2My, ,, oy the cross
section for vector |eptoquarks with anomalous minimal vector couplings, and oy leptoquarks

with vector Yang-Mills couplings.

LQ Mass EfflCIency 0'95% BR X Osiq BR X oMV BR X OYM

(GeV/c?) (%) (pb) (pb) (pb) (pb)
100 3.7 +02 0.6 0.94 2.8 53 430
120 50x02=x07 0.72 2.2 23 150
140 72 03 1.1 0.47 0.75 10 50
160 103 £03 £ 1.5 0.33 0.34 4.0 25
180 122 £03 £ 1.8 0.27 0.16 2.0 10
200 134 £03 £ 2.0 0.25 0.08 10 5.0
220 14.1 £ 0.3 = 2.1 0.24 0.04 0.45 25
240 152 £03 £23 0.23 0.02 0.23 13
260 15503 £23 0.22 0.01 0.13 0.60
280 163 £ 04 =24 0.21 0.06 0.30
300 157 04 =23 0.22 0.03 0.18
350 164 04 =24 0.21 0.03
400 172 £ 04 £ 26 0.20

The limits on the observed cross section are shown in
Fig. 3 and are compared with the theoretical cross section
times branching ratio for scalar and vector leptogquark
production for 8 = 3. Mass limits of 160 GeV/c? for
scalar leptoquarks and 290 (240) GeV/c? for vector
leptoquarks with Yang-Mills (minimal vector) couplings
are obtained at the 95% confidence level.

In conclusion, we have performed a search for second
generation leptoquarksinthe wr + jets decay channel us-
ing 94 = 5 pb~! of data collected with the DO detector at
the Fermilab Tevatron. No evidence for a signal is seen

]
® S, NLO Theory(i = Msio) |
AMVLO Theory (1 = Myo) |

M YM LO Theory (u = Mvm)
O Cross Section Limits
(95% CL)

Second Generation |
Leptoquark Search |

=
o
BRI

Branching Ratio x Cross Section (pb)
'5 =
T T
L L

2
Lo v b v b | ol N T
100 150 200 250 300 350 400

Leptoquark Mass (GeV/c?)

10

FIG. 3. Cross section limits in the uw» + jets channel. The
Vig cross sections are leading order [12], calculated at a
scale u = My,,. The Sy q cross sections are next-to-leading
order [13]. The caculation is done a a renormalization
scale u = My, , with uncertainties obtained from vanatlon of
the renormalization/factorization scale from 2Ms, , to MSLQ

For the Siq the limit is obtained at the intersection of the
experimental curve with the theoretical curve for u = 2Myg,,.
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and limits are set at the 95% confidence level on the mass
of second generation leptoquarks. For equal branching
fractions to ug and vq (B = 3) limits of 160 GeV/c?,
240 GeV/c?, and 290 GeV/c? for Spq, minimal vec-
tor, and Yang-Mills vector couplings, respectively, are
obtained.
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